This paper reports two-steps methodology for preparation of electrically conductive superabsorbing polyacrylamide/ polyaniline hydrogel. In the first step, polyacrylamide superabsorbing hydrogels were prepared with high water swelling capacity (≈ 500 g water/g polyacrylamide). In the second step, polyaniline was penetrated through the preformed polyacrylamide hydrogel networks with simple oxidative polymerization procedure. Depending on the synthesis conditions, polyacrylamide hydrogels were either fully or partially penetrated. The prepared conductive hydrogels exhibited electrical resistance in the range of 100-1000 Ohm/Sq., according to the employed doping electrolyte.
Introduction
Hydrogels are three dimensional networks that are chemically or physically crosslinked with excellent water swelling capacity. Electrically conductive hydrogels (ECHs) are special class of hydrogels with potential applications in areas such as bioactive electrode coating [1], actuators [2] and tissue engineering [3] . Electrically conductive hydrogels can be prepared by different methods such as, adding conductive metallic nanoparticles to the hydrogels [4, 5] , use of electrically conductive polymer nanoparticles [6] and preparation of composite hydrogels by incorporation of electrically conductive polymers into the network structure of the hydrogel [7] .
Electrically Conductive Polymers (ECPs) belong to those classes of polymers which have π conjugation along the polymer backbone such as polyaniline (PANi), polypyrole (PPy) and polythiophene (PTh). Recently, electrically conductive polymer hydrogels (ECPHs) have been investigated for number of electrochemical devices applications [8] . ECPHs possess number of advantages such as providing improved electrode interface between the electronic and ionic transport phases, possibility of casting into different, complex and flexible shapes electrodes, and the possibility for preparation of micropatterns by ink-jet printing or spray coating.
Polyacrylamide (PAAM) hydrogels are one of the most studied superabsorbing polymers for applications such as drilling fluids [9] , agriculture [10] and tissue engineering [11] . Non-conductive PAAM hydrogels can be converted into ECPHs by in situ polymerization of the ECPs into the preformed PAAM hydrogel network. Lira et al. employed electrochemical polymerization methodology for preparation of semi-interpenetrating networks of PANi/PAAM ECPHs and tested their possible applications as electrochemically controlled drug delivery device [12] . In this case, the electrically conductive polyaniline is triggered by electric pulse that will result in a drug release response. Tang et al. prepared superabsorbing poly(acrylate-aniline) and poly(acrylamide-aniline) conducting hydrogels by in situ polymerization procedure [13, 14] . The first step includes preparation of crosslinked polyacrylamide hydrogel in the powder form using NMBA as a crosslinker, followed by in situ polymerization of absorbed aniline inside the swollen hydrogel powder by employing potassium persulfate as redox initiator.
In the current study, we report the synthesis of polyacrylamide/polyaniline conducting hydrogel by using a two-step procedure (figure 1). In the first step, PAAM chains were crosslinked by using formaldehyde (FA) as a crosslinker and then polyaniline was polymerized in different doping acidic media, which are, HCl, H 2 SO 4 and H 3 PO 4 . The synthesis conditions for the first step were optimized to obtain the PAAM hydrogels with the best mechanical properties.
Results and Discussion

Preparation of polyacrylamide hydrogels
In the current study, PAAM hydrogels were prepared by using formaldehyde crosslinker, as a replacement for the conventional NMBA crosslinker. In the first step, the addition of HCl as acid catalyst to adjust the pH was essential for formation of PAAM hydrogels (pH ≈ 1), table 1 (entries 3-5). At neutral pH, only soluble PAAM polymers were obtained, table 1 (entries 1 and 2). Hence, the proposed mechanism for such reaction is depicted in figure 1. Figure 1 Proposed crosslinking mechanism of formaldehyde in acidic medium
Preparation of Polyaniline/polyacrylamide hydrogels
Polyaniline was polymerized by oxidative polymerization. In the first step, aniline monomer was absorbed into PAAM hydrogels with certain doping acid. Then, polymerization was initiated by KPS as redox initiator. The adsorption and polymerization times were found to have important effect on the final shape of the obtained PANI/PAAM hydrogels. As can be inferred from figure 2, insufficient adsorption and polymerization periods produced hydrogels with incomplete penetration of polyaniline ( figure 2, b) ; while longer adsorption and polymerization periods enable complete interpenetration of polyaniline chains into PAAM chains ( figure 2, c) . As shown in table 2, depending on the type of employed acid dopant, the electrical resistance of the fully swollen hydrogels was found to be in the range of 100-1000 Ohm/Sq. These preliminary results can be used for future investigations of such conductive hydrogels to be used as flexible electrodes for supercapacitor applications. 
Experimental
3.1.Synthesis of polyacrylamide hydrogels (PAAM-HG)
The required mass of acrylamide monomer was weighed in cylindrical polypropylene plastic test tube. Then, the required volumes of 1M HCl solution and distilled water were added to the test tube and the acrylamide monomer was dissolved. This was followed by the addition of formaldehyde crosslinker to the plastics test tube. Finally, the required amount of potassium persulfate (KPS) initiator was weighed and added to the test tube. The solution was mixed and homogenized for few minutes and then the closed plastic test tube was placed in oven at 80 °C for 3-4 hours to allow for complete gelation. The obtained cylindrical gels were soaked in deionized water for 3-4 days, with subsequent water change every day, to allow for removal of unreacted species. The transparent hydrogels were stored in DI water for subsequent use.
Synthesis of polyaniline/polyacrylamide conductive hydrogels (PANI/PAAM-HG)
To a 250 mL beaker equipped with magnetic stirrer, 100 mL of the 1M doping acid and 0.50 g aniline monomer were added. Water-swollen PAAM-HGs were soaked in the prepared solution for certain period of time (2 -12 hours) to allow for penetration of anilinium chloride molecules into the PAAM network.
After that, the required amount of KPS initiator was added to initiate polymerization of polyaniline. As the polymerization proceeded, the color of the solution and the PAAM hydrogel changed into dark green. After 12 hours reaction, the resulted hydrogels were removed and washed thoroughly with the corresponding doping acid solution. The obtained PANI/PAAM-HGs were further soaked in DI water for 3 days to allow for the removal of water soluble polyaniline oligomers. The obtained conductive hydrogels were stored in DI water for subsequent use.
Swelling ratio measurements
Swelling was measured by calculation of weight difference between swollen hydrogels in DI water (3 days) and dry weight of the perspective hydrogels (dried at 50 °C).
Electrical resistance measurements
Electrical resistance measurements were made according to the AATCC test method 76-2000, using Extech True-RMS digital multi-meter having a range from 0.1 to 4 x 10 7 ohms.
Conclusions
The current study reports preparation of PAAM hydrogels by in situ crosslinking methodology utilizing formaldehyde as crosslinker in acidic media. The polymerization parameters were optimized to produce the best quality PAAM hydrogels. To obtain conductive hydrogels, polyaniline was polymerized inside the PAAM networks. To obtain fully penetrated polyaniline inside the PAAM networks, it was important to allow for sufficient absorption and polymerization periods of aniline monomers. The synthesized PANI/PAAM hydrogels were doped with different acids and exhibited a lowest electrical resistance (110 Ohm/Sq.) in case of using HCl as the doping acid. These preliminary results can be used for future investigations of such conductive hydrogels to be used as flexible electrodes for supercapacitor applications. Future work shall be devoted to improve the toughness and electrical conductivity of PANI/PAAM hydrogels.
